contains a highly conserved glutamate residue in the sequence motif -XGHPEV-. In type A2, the gating glutamate has been proposed to be replaced spatially by a consecutive tyrosine and serine in a -YSHPXV-motif 5 .
The crystal structure of caa 3 -type cytochrome c oxidase from Thermus thermophilus is the first for a type A2 HCO (Fig. 1) . The structure was determined to 2.36 Å resolution with crystals ( Supplementary Fig. 2 ) grown by the in meso method using a synthetic, short chain (14 carbon) monoacylglycerol (7.7 MAG) as the hosting lipid 7 . 7.7 MAG was chosen for the larger water channel and reduced interfacial curvature of the cubic mesophase it forms to more suitably accommodate the enzyme's extensive intra-and extramembrane domains 7, 8 . Increasingly, 7.7 and related short chain MAGs are proving to be useful for in meso crystallization [8] [9] [10] [11] . Initial phases were determined by molecular replacement with the mitochondrially encoded SU I, II and III, from bovine heart cytochrome oxidase (Protein Data Bank ID 2OCC), identifying two molecules (molecules 1 and 2) in the asymmetric unit. Consistent with the hypothesis for crystallization in meso 12 , packing within the crystal was layered or type I (Supplementary Fig. 3 ). The cytochrome c domain was built manually after the haem iron was assigned by an anomalous map. The residual R work and R free of the refined structure were 17.1% and 21.8%, respectively (Supplementary Table 1 , Methods; Supplementary Fig. 4 shows an experimental map of a portion of the oxidase structure) and the model ranked in the 99th percentile in MolProbity geometry analysis 13 . a, Structure (ribbon model). SU I/III is coloured to highlight its canonical subunits: SU I, blue; SU III, blue-grey and the fusion linker, dark blue. SU IIc is coloured to highlight the classical SU II (red) and the fused cytochrome c domain (green). SU IV is in yellow. The haems are in ball and stick with the iron and copper metal centres as grey and copper spheres, respectively. Membrane boundaries are based on hydrophobic thickness calculations from the OPM server 31 . b, Cofactor arrangement. Haems c, a s and a s3, and the iron and copper ions are shown as in a. The magnesium ion is represented as a light blue sphere. Distances are shown in brown. SU I/III, IIc and IV are colour-coded as faded blue, red and yellow ribbons, respectively.
The caa 3 -oxidase from T. thermophilus has been described as consisting of two subunits, SU I/III and IIc, that contain the metal centres characteristic of cytochrome c oxidases 14, 15 . SU I/III exists as a fusion of the classical SU I and SU III 16 , whereas SU IIc is a fusion of a canonical SU II and a cytochrome c domain 17 . During the course of caa 3 -oxidase structure determination, electron density for a third subunit, SU IV, consisting of two connected transmembrane helices located along the hydrophobic surface of SU I/III ( Fig. 1a and Supplementary Fig. 5 ) and a native glycoglycerophospholipid (see Supplementary Discussion and Supplementary Figs 6 and 7) embedded in SU I/III were identified. SU IV was modelled based on a 66 residue, amino-terminally formylated protein sequence determined using vapour-diffusion-grown crystals (see Methods and Supplementary Fig. 5 ).
The final model consists of three subunits, SU I/III, IIc and IV, which collectively form a bundle of 23 transmembrane helices and a bulky extramembrane cytochrome c/cupredoxin domain ( Fig. 1a ). SU I/III is comprised of 19 transmembrane helices, which hosts the lowspin haem, a high-spin haem-Cu B binuclear centre ( Fig. 2a, b ) and a conserved magnesium binding site (Fig. 2c ). The fusion linker between the SU I and III domains is approximately 70 residues long, largely devoid of secondary structure save for a two-turn helix, and drapes the cytoplasmic surface of SU I/III, possibly conferring stability to the helical bundle. SU IIc consists of a membrane anchored cupredoxin domain, containing the electron-accepting homo-binuclear copper (Cu A )-centre, with a carboxy-terminal fusion to a cytochrome c domain. The arrangement of the active site and redox centres is shown in Fig. 1b . In the context of number of amino acids and structured waters modelled, molecule 1 is the most complete and is the focus of the discussion that follows.
The core subunit, SU I/III, of caa 3 -oxidase shares a distinct sequence and structure homology with its type A1 counterparts ( Supplementary  Fig. 1 ). Akin to ba 3 -oxidase from T. thermophilus, the a-type haems in caa 3 -oxidase have hydroxyethylgeranylgeranyl tails and are designated haem a s 18 . Both haems a s and a s3 are located in the hydrophobic core of the SU I domain ( Fig. 1b ) with their metal centres approximately 11 Å from the periplasmic surface. As in other HCOs, two histidines, His 73 and 387, act as axial ligands to the low-spin haem a s iron at a distance of 2.0 and 2.1 Å , respectively ( Supplementary Fig. 8a ). Ligating the high-spin haem a s3 iron at its proximal side is a highly conserved His 385. The Cu B is coordinated by the three canonical histidines, His 250, 299 and 300, and is located 4.9 Å from the haem a s3 iron ( Supplementary Fig. 8b ). The ligands bridging Cu B and the high-spin iron have been modelled as a hydroxide and water pair 2.3 Å apart, with the hydroxide ion located 2.2 Å from the copper and the water 2.2 Å from the haem iron ( Fig. 2a, b ). Ligand assignments in the active site and oxygen entry into the enzyme ( Fig. 2d and Supplementary Fig.  9 ) are discussed in the Supplementary Information. SU I/III contains two proton channels, the D-and K-pathways ( Fig. 3a, c) . These are conduits for the protons that are (1) pumped across the membrane and (2) required for the chemical reduction of oxygen in the binuclear centre. A fuller description and comparison of the proton channels and exit pathways are included in the Supplementary Information (Supplementary Discussion and Supplementary . The end of the D-pathway in caa 3 -oxidase is distinctly different from the proton gating site of type A1 HCOs ( Fig. 3b and Supplementary Fig. 13 ). The canonical type A1 gating glutamate, Glu 278 (Paracoccus denitrificans numbering), is replaced by Thr 252 in caa 3 -oxidase whereas the phenylalanine-glycine pair, a single turn upstream of the type A1 glutamate position in helix VI, is replaced by a consecutive tyrosine (Tyr 248) and serine (Ser 249) residues ( Supplementary Fig. 13 ). This YS pair ( Supplementary Fig. 13b ) offers a functional equivalent to the gating glutamate as determined by single-, double-and triple-mutant studies performed on the P. denitrificans aa 3 -type oxidase mimicking the type A2 pump configuration in both T. thermophilus and Rhodothermus marinus 19 . In the caa 3 -oxidase, Tyr 248 is held in position through interactions with the side chain amide of Asn 205 and the hydroxyl of Thr 252, whereas a hydrogen bond between Tyr 248 and a structured water (Wat 2074) connects the tyrosine to the D-pathway water chain ( Fig. 3a, b ).
Molecular dynamics simulations (MDS) 19 Similarly, in caa 3 -oxidase, Wat 2075 links through a hydrogen bond to the carbonyl of Ser 249, whose side chain points away from the active site ( Fig. 3b ). Given that Thr 252 is not conserved in type A2 oxidases, we speculate that it functions as part of a protonic chain from Tyr 248 to the active site replacing the water that links through a hydrogen bond to the tyrosine hydroxyl in the aforementioned MDS studies. These observations lend support to the presence of a similar water chain in caa 3 -oxidase which is only partially resolved in the current structure ( Fig. 3b ). MDS, carried out on the model reported here, identify transient water chains in the YS gate region that provide clear protonic connectivity to the binuclear centre and to the D-propionate of haem a s3 ( Supplementary Fig. 11a , b).
In caa 3 -oxidase from R. marinus, the tyrosine of the YS gate has been reported to deprotonate during the gating event as evidenced by Fourier transform infrared (FTIR) difference spectroscopy 20 . This observation is counter to earlier pK a calculations, which indicate that the tyrosine remains protonated 21 . The pK a of a tyrosine hydroxyl in aqueous solution is approximately 10. Given the hydrophobic environment surrounding Tyr 248 in the caa 3 -oxidase of T. thermophilus, the effective pK a of its hydroxyl is expected to be above 10. This has been confirmed by pK a calculations performed on the caa 3 oxidase model reported here (Supplementary Table 2 ). The higher pK a favours protonation, possibly limiting the role of Tyr 248 to one of stabilizing the water network in the proton pathway.
Subunit IIc is a fusion between the classical SU II and a cytochrome c (Fig. 1a ). The SU II domain consists of two amino-terminal transmembrane helices anchoring a cupredoxin-like domain composed of a 10-stranded b-barrel that hosts the Cu A homobinuclear centre, the primary acceptor of electrons from cytochrome c (Fig. 4a ). The asymmetric ligands for the Cu A centre in SU IIc are highly conserved among type A and B cytochrome c oxidases. The cytochrome c domain of SU IIc consists of four a-helices connected by random coil segments ( Fig. 4a , Supplementary Discussion and Supplementary Fig. 14) . The haem c resides within the hydrophobic core of the domain and is held in place by the classical axial iron ligands, His 251 and Met 303, and by two thioether linkages to Cys 247 and Cys 250.
Cytochrome c is oriented at the face of the cupredoxin domain such that the D-propionate of haem c is pointing towards the Cu A centre (Fig. 4a, b ). This arrangement is consistent with speculation regarding the assembly of caa 3 -oxidase in R. marinus 22, 23 . It is, however, counter to that described on the basis of MDS and nuclear magnetic resonance studies of the interaction between cytochrome c and the cupredoxin domains of ba 3 -and aa 3 -oxidase, respectively, in solution 2,24,25 . Here, contact was proposed by way of the exposed haem cleft of the type reported for the cytochrome c/bc 1 complex from Saccharomyces cerevisiae 26 . Interestingly, the assembly of the cytochrome c/cupredoxin domain in caa 3 -oxidase is quite distinct from the arrangement of the mono-and di-haem domains of cbb 3 -oxidase ( Supplementary Fig. 15 ).
The cytochrome c (SU IIc residues 236-325) and cupredoxin (SU IIc residues 117-216) domains share an interface with a calculated buried surface area of 934 Å 2 per domain (http://www.ebi.ac.uk/ msd-srv/prot_int/pistart.html). Interaction between the domains is by surface and electrostatic complementarity (Fig. 4c ). The contact surface of the cupredoxin domain is anionic and complementary to the cationic contact surface of the cytochrome c domain created by Lys 298 and Arg 272 in the vicinity of the haem propionates ( Fig. 4c ). Interdomain contacts are tabulated in Supplementary Table 3 .
The optimal electron tunnelling pathway between haem c and Cu A in caa 3 -oxidase was calculated using the program HARLEM (http:// harlem.chem.cmu.edu) ( Fig. 4b ). It proceeds through the D-pyrrole and D-propionate of haem c, the backbone cis-amide nitrogen and a-carbon of Phe 126(IIc) and the sulphur of Met 208(IIc). The effective tunnelling length of the pathway is 18.8 Å with a direct metal-to-metal separation of 17.2 Å . By contrast, the closest 'edge-to-edge' distance between the haem c D-propionate donor and the Cu A centre acceptor moieties is 9.2 Å which too can be bridged efficiently by a tunnelling electron 27 . Such a process would involve two through-space jumps; the first from the D-propionate of haem c to the phenyl ring of Phe 126(IIc) (separation, 4.4 Å ) and a second to either the sulphur of Cys 201(IIc) (separation, 3.7 Å ) or directly to the Cu A centre (separation, 5.1 Å ). Interestingly, mutating Trp 121 of the P. denitrificans aa 3oxidase, a structural homologue of Phe 126(IIc), to a glutamine inactivates the enzyme [28] [29] [30] . Furthermore, changing the homologous Phe 88 in ba 3 -oxidase to leucine resulted in a drop to 68% in electron transfer efficiency 2 . Together, these data indicate that the bulky hydrophobic side chain of Phe 126(IIc) is required to stabilize the conserved cis-amide for efficient electron transfer. A mechanism for electron entry into the cytochrome c domain is proposed (Supplementary Information).
The structure of caa 3 -oxidase as described here offers the first view of a type A2 HCO consisting of a pair of fused canonical subunits and a Wat 2058 N205 N171 Q84 S167 S166 S113 N110 N92 
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previously unknown SU IV. It shows the cytochrome c/oxidase complex where the D-propionate of haem c is the most probable conduit for electron-loading into Cu A through the cis-amide of an aromatic residue conserved across type A and B cytochrome c oxidases. Electrons are proposed to enter the cytochrome c domain by way of its exposed haem edge. MDS calculations on the type A2 pump-gating site lend support to protonic water chains linking Tyr 248 to both the binuclear centre and the D-propionate of haem a s3 . Further, interaction between Lys 328 and Gln 286 is proposed to stabilize the canonical lysine in its protonated state in the K-pathway, replacing the functionally equivalent serine-water-lysine motif in type A1 HCOs.
The caa 3 -oxidase structure provides a framework for examining how this integral membrane complex couples energy transduction to the complete reduction of oxygen. The manner in which type A2 oxidases direct protons across the membrane and electrons and protons to the active site of the complex can now be studied in detail as a result of having available the three-dimensional arrangement of key residues, metal ions and structured waters. Crystal structures of representatives from all HCO families have now been solved and the stage is set for a more complete understanding of how these intricate proteinaceous machines, with diverse oxygen affinities, have evolved.
METHODS SUMMARY
Procedures for the isolation and purification of caa 3 -type cytochrome c oxidase from native T. thermophilus membranes are described in Methods. Crystals in the I2 space group were grown in glass sandwich plates at 20 uC by the in meso method using 7.7 MAG as the host lipid. The precipitant contained 14 
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METHODS
Protein production and purification. Biomass of the extreme thermophilic bacterium T. thermophilus HB8 was produced by fermentation at the Helmholtz Centre for Infection Research (Braunschweig, Germany), as described previously 33 . The protocol used for isolating and purifying caa 3 -oxidase from the biomass is similar to that used for the ba 3 -oxidase with slight modifications 33 Fractions across the caa 3 -oxidase peak were pooled (circa 90 ml) and diluted tenfold with 0.01 M sodium phosphate pH 6.8 containing 0.05% (w/v) DDM, and applied to an XK 16/20 column packed with 20 ml hydroxylapatite 'high resolution' ion exchange resin (Fluka, BioChemika) pre-equilibrated with the same buffer. The caa 3 -oxidase was eluted with a 0.01 to 0.04 M linear gradient of sodium phosphate pH 6.8 containing 0.05% (w/v) DDM within 0.5 h at a flow rate 2 ml min 21 at 22 uC. The pooled caa 3 -oxidase fractions (circa 50 ml) were diluted fivefold with buffer C reducing the sample conductivity to , 2 mS cm 21 . The previous anion exchange and concentration steps using buffer C was repeated once. The detergent was exchanged to 0.2% (w/v) n-decyl-b-D-maltoside in 0.01 M Tris-HCl pH 7.6 and 150 mM NaCl during a final Highload XK 16/60 Superdex 200 gel filtration step and resulted in circa 10 mg of purified caa 3 -oxidase. The protein was concentrated to 10 mg ml 21 (Centricon YM100, Millipore), flashfrozen in liquid nitrogen and stored in aliquots of 20 ml at 280 uC. The protein was used in the 'as-prepared' oxidized state for crystallization studies. Crystallization. 7.7 MAG was synthesized according to ref. 8 . The protein-laden mesophase was prepared by homogenizing 7.7 MAG and a 10 mg ml 21 protein solution, supplemented with sodium ascorbate to a final concentration of 0.2 mM, in a 1:1 ratio by weight using a dual syringe mixing device at 20 uC 34 . Crystallization trials were carried out at 20 uC in 96-well glass sandwich plates with 50 nl mesophase and 0.8 ml precipitant solution using an in meso robot 35 . Precipitant solutions consisted of 14-21% (v/v) PEG 400, 0.1 M NaCl, 0-0.1 M Li 2 SO 4 and 0.1 M sodium citrate pH 4.5-5.0. Triangular plate-like crystals grew to a maximum size of 100 3 60 3 5 mm 3 in 7 to 10 days ( Supplementary Fig. 2 ). Wells were opened using a tungsten-carbide glass cutter and the crystals were harvested using 100-mm micromounts (MiTeGen). Crystals were cryo-cooled directly in liquid nitrogen. Subunit IV identification and sequencing. The caa 3 -oxidase complex, prepurified by vapour diffusion crystallization using a precipitant of 10 mM bis-Tris pH 6.0, 6% (w/v) PEG 2000 and 100 mM NaCl, was separated into its individual subunits on a reversed phase Synchropak C 4 column (250 mm 3 4.6 mm; Supelco) using a Hewlett-Packard (HP) 1050 HPLC system at 40 uC. The solvents used were (A) 5% formic acid, (B) 95% formic acid, (C) n-propanol, and (D) acetonitrile. Gradients were formed with a microprocessor-controlled quaternary pump (HP) by low-pressure mixing of the four solvents. Two solvent gradients were used. Gradient 1 used (A) 40-5%, (B) constant at 60%, (C) 0-10%, and (D) 0-25% in the 0-30 min run time. Gradient 2 used (A) constant at 5%, (B) constant at 60%, (C) 10-25%, and (D) 25-10% in the 30-60 min run time. Separated subunits were identified by amino-terminal sequencing after deformylation as appropriate. Parenthetically, we note that vapour diffusion grown crystals, referred to above, diffracted to no better than 3.8 Å and were unsuitable for structure determination.
The full length SU IV was characterized by amino-(residues 1-41) and carboxyterminal (residues 60-66) sequencing and mass spectrometry. Sequencing was performed on peptide fragments prepared using cyanogen bromide, as reported for SU IIa in ba 3 -oxidase 36 . The peptide fragments were separated by HPLC at 45 uC, as described above. The solvents used were (A) 70% formic acid and (B) 70% formic acid, 15% n-propanol and 11% acetonitrile with a linear gradient of 100%A to 100%B. Sequencing results are shown in Supplementary Fig. 5 . Data collection and processing. X-ray diffraction data were collected on the 23-ID-D beamline of the General Medicine and Cancer Institutes Collaborative Access Team (GM/CA-CAT) at the Advanced Photon Source (APS), Argonne, Illinois, USA, the I24 beamline at the Diamond Light Source (DLS), Didcot, Oxford, UK, and the PX1 beamline at the Swiss Light Source (SLS), Villigen, Switzerland. Data were acquired using a 10-mm collimated minibeam at GM/ CA-CAT 37 , whereas a 10-mm and a 20-mm microfocus beam was used at DLS and SLS, respectively. Attenuated (103) images were used to locate and to centre on highly ordered regions of the crystal 38 . Oscillation data were measured in 1.0u frames with 1-2 s exposures using a 13 or 103 attenuated beam. All data were initially reduced in xia2 39 using XDS 40 , XSCALE and SCALA 41 . Optimum data wedges were identified by data quality and isomorphic unit cell parameters. These data were rescaled in XSCALE and merged in SCALA 41 ( Supplementary Table 1 ). The data reduction strategy involved combining a complete low resolution (3.5 Å ) data set recorded from a single crystal with twenty high resolution (up to 1.9 Å ) 10-20u wedges of data collected from multiple crystals. Structure solution and refinement. Molecular replacement search models were prepared from SU I, SU II and SU III of the bovine heart cytochrome c oxidase complex (PDB ID: 2OCC) pruned of all non-protein atoms using Chainsaw in CCP4 42 . Initial phases were obtained by molecular replacement as performed by the program Phaser 43 , identifying two molecules (molecules 1 and 2) in the asymmetric unit. Initial stages of structure refinement and model building were performed after simulated annealing in CNS 44 with subsequent rounds of refinement carried out in PHENIX 45 . NCS restraints were used throughout and the inclusion of TLS refinement (20 groups over molecules 1 and 2) was implemented in the latter stages of refinement. The structural model was revised in real space with the program COOT 46 using sigma-A weighted 2F o 2 F c and F o 2 F c electron density maps. The geometric quality of the model was assessed with MolProbity 13 . Structures of cofactors, lipids and water molecules were determined and refined as described below. Cofactors. The locations of two haems a s , haem c, the binuclear Cu A , Cu B and magnesium in each molecule in the asymmetric unit were determined using the 2F o 2 F c electron density map. Iron atoms of the three haems were located using an anomalous difference Fourier map from data collected at the iron K-edge (1.7397 Å ) at the SLS. Lipids and unassigned density. Three types of lipid molecule were identified in a composite omit 2F o 2 F c map. The first, a native Thermus lipid, was found buried within the protein at the interface between the SU I and SU III domains of the fused SU I/III. The second includes the 1-and 2-MAG isoforms of 7.7 MAG, where 1-and 2-refers to the position of the acyl chain on the glycerol headgroup. The third was modelled as a diacylglycerol with two fatty acyl chains. The diacylglycerol may derive from the hosting 7.7 MAG by way of transesterification or from a more complex native lipid. Electron density in the vicinity of the headgroup region of the diacylglycerol was ill-defined. Tentatively modelled lipid and solvent molecules were removed if no clear hydrogen bonding was present and/or the model was not justified by the electron density. Water molecules. Both surface associated and integral water molecules were assigned based on sigma-A weighted 2F o 2 F c electron density maps contoured at 1s using standard geometrical and chemical restraints. Molecules 1 and 2 have 247 and 145 waters, respectively, for a total of 392 water molecules per asymmetric unit. Electrostatic surfaces. The electrostatic potential was calculated separately on the cupredoxin domain (residues 117-216) and the cytochrome c domain (residues 236-325) of SU IIc using the Poisson-Boltzmann method as implemented in the Potential module from the package MEAD 47 . The ionic strength in the calculations was 0.1 M. A grid of 141 points with 1-nm spacing was used to enclose the protein. The solvent probe radius was set to 1.4 Å and the ion exclusion layer thickness was 2.0 Å . An external dielectric constant (e) of 80 was used for the solvent and the internal e was set to 4. PARSE atomic charges and radii were used. The reduced haem c iron was assigned a charge of 11.4 with the remaining 10.6 charge assigned equally amongst its axial ligands. The oxidized Cu A site was assigned a mixed valence of 11.0 on each copper ion with the remaining 11.0 charge assigned proportionally based on coordination to its axial ligands.
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